Minute virus of canines (MVC, canine parvovirus type-1) caused inapparent to severe illness in neonatal specific-pathogen-free pups exposed by the oronasal route. The experimental disease was generally mild. Four of 21 infected pups had clinical signs of respiratory illness, but only 2 pups, not euthanized during the early postinoculation period, developed severe illness or died. Principal pathologic changes included bronchitis and interstitial pneumonia with various degrees of lymphadenitis. In contrast to the reported field cases, enteric signs were absent in the experimentally infected animals. Histopathologic changes in the small intestine were mild or absent. Bronchial, bronchiolar, and alveolar epithelial cells appeared to be the sites of initial and most extensive viral growth, reflecting the pattern of histopathologic changes. The disease caused by MVC was mild in comparison to that caused by canine parvovirus-type 2. MVC now appears to be established as a cause of illness in young pups and of transplacental infections with embryo resorption. The prevalence of MVC hemagglutination-inhibiting antibodies was high (~50%) in adult dog sera from widely separated geographic areas of the United States.
Minute virus of canines (MVC) is an incompletely characterized autonomous parvovirus of dogs that was first isolated in 1967 from normal canine feces. 1 Only dogs are known to be susceptible to MVC, and the cell culture host range is highly restricted; only 1 cell line (Walter Reed canine cell line, 3873D cells) is known to support viral growth. 1, 8 However, certain unidentified cell types in primary cultures from fetal canine lung tissue have supported limited growth. 4 No antigenic relationship has been shown between MVC and the highly pathogenic canine parvovirus type-2 (CPV-2), 1, 8 which emerged in 1978 as the cause of severe, pandemic disease in dogs. 2,ll Also, restriction enzyme digests of DNA from MVC and CPV-2 failed to show patterns of genomic similarity between the 2 viruses. 8 Preliminary pathogenicity studies with the original MVC isolate demonstrated that the virus replicated in dogs 8 but the infections were asymptomatic in young pups given large doses of virus by the oral-nasal (ON) route. Only mild lesions were observed microscopically in the lymph nodes, thymus, and duodenal crypts. The original MVC strain had, however, been passaged 13 times in cell culture and apparently did not represent the true virulence of naturally occurring virus.
More recently, pathogenicity studies were conducted using a field isolate of MVC (MVC/GA3) that was recovered from the intestinal contents of a pup that died with enteric signs. 4 That virus had been passaged only 3 times in cell culture. Those studies demonstrated that MVC was highly pathogenic for canine fetuses by direct inoculation, and it caused transplacental infections in pregnant dams, especially by the ON or intravenous routes between the 25th and 35th day of gestation. The principal microscopic lesions in the inoculated fetuses were bronchitis, interstitial pneumonia, mild necrosis of small intestinal villi and mesenteric lymph nodes, and in some instances myocarditis. Transplacental infections that occurred prior to gestational day 30 resulted in embryo resorption; however, various responses were observed in dams exposed to MVC after that time. In some cases, dams resorbed their fetuses, whereas others gave birth to weak or dead pups; in 1 instance, a pup born with anasarca had focal areas of myocarditis. Myocarditis also is seen in prenatal parvoviral infections of several other species, ll including humans. 10 The natural pathogenicity of MVC for pups is undetermined. The virus has, however, been identified by immuno-electron microscopy in the feces of normal dogs 1,3 and probably was the cause of nonfatal diarrhea reported in young (< 2 weeks old) pups. 5 Recently, 13 cases of a fatal disease of nursing pups similar to parvovirus infection was reported. 6 Electron microscopic examination revealed parvovirus particles in the intestinal contents, but isolation attempts in canine or feline cell lines, hemagglutination by fecal extracts, and indirect fluorescent antibody (IFA) tests for CPV-2 were negative. The prominent signs in the field cases were vomiting, diarrhea, dyspnea, or sudden death. The pathologic changes observed in those cases were unlike those described for CPV-2. The intestinal tract maintained normal architecture, and crypt epithelial cell necrosis was minimal, yet in all pups segmental areas of the jejunum contained eosinophilic intranuclear inclusions in epithelial cells at the tips of the villi. Intestinal changes also included crypt epithelial hyperplasia and single-cell necrosis with depletion or necrosis of the lymphoid cells of Peyer's patches. Other lesions noted were severe pneumonitis in some pups and diffuse areas of myocardial necrosis in 1 pup. MVC was isolated in 3873D cells from the small intestine in 2 pups. An isolate from 1 of those pups (MVC/GA3) was used in this and a previous study. 4 Additional field cases with signs suggestive of MVC have been observed recently (J. Veatch, Veterinary Diagnosis, Kansas State University, unpublished). In those cases, Collie pups from 3 litters developed respiratory illness and/or diarrhea between 3 and 9 days after birth. Four pups died and had lesions of interstitial pneumonia or enteritis. Two additional isolations of MVC were made from pups in 2 of the litters. "Parvoviruslike" inclusions were reported in the epithelium of small intestinal villi and the lungs of some pups. Electron microscopic examination also revealed parvovirus particles in the intestinal contents of 2 pups from different litters. One pup from a fourth litter was stillborn and had gelatinous edema and myocardial mineralization similar to that observed in pups from dams experimentally infected with MVC. 4 In the present report, we describe the pathogenicity of MVC for young pups exposed to a low-passage MVC isolate and report the results of hemagglutination inhibition (HI) tests on sera obtained from adult dogs in breeding kennels located in several areas throughout the United States.
Materials and methods
Virus and cell cultures. The virus used (MVC/GA3) and methods for its growth have been described previously. 4, 8 The cell culture infectivity of the stock virus used for pup inoculations was 10 6 TCID 50 /ml. The WRCC-3873D cell line was used for viral propagation and isolation attempts.
Virus isolation and titration. Tissue samples for viral isolation attempts were obtained in a sterile manner and stored at -70 C until tested. Each tissue sample (approximately 1 g) was prepared for virus isolation by homogenization in McCoy/Liebowitz (ML) medium, pH 7.4. Prior to inoculation, the suspensions were adjusted to 10% (wt/vol) in ML medium and centrifuged at 8,000 x g for 2 min in a microcentrifuge. Rectal swab samples were placed in 2 ml of ML medium, or a 10% suspension of feces was prepared and centrifuged as above. Tube cultures of WRCC that had been seeded 4-6 hr previously at a concentration of 10 5 cells/ml in 1 ml of ML medium were each inoculated with 0.2 ml of the tissue or fecal suspension supernatant fluids. Inoculated cultures were maintained for at least 12 days, with medium change after 4 days, and then examined for cytopathic effects. At least 1 additional passage was made before an isolation attempt was declared negative. Fifty percent end points were estimated as previously described. 8 Serologic tests. All experimental pups were tested for HI antibodies before inoculation and at intervals thereafter until pups were euthanized or discharged. In an additional study, 88 specific-pathogen-free (SPF) dog sera from the Baker Institute's colony and 1,008 field sera from dogs in breeding kennels located throughout the United States and submitted over a 6-mo period to the New York State Diagnostic Laboratory (Cornell University) for canine brucellosis serodiagnosis were tested for HI antibodies as previously described. 1, 8 Immunofluorescence and histologic methods. Methods for tissue preparation and IFA immunostaining have been described previously. 4 , 8 Tissue samples for histopathologic study were fixed overnight either in Bouin's solution or 10% buffered formalin and transferred to 80% ethanol until embedded. Sections for histopathologic examination were cut at 4-6 µm and stained with hematoxylin and eosin (HE).
Experimental plan. A total of 23 Beagle pups (4 litters, nos. 1-4) from SPF dams were used for pathogenicity studies. The pups were born in isolation units and allowed to suckle on their dams throughout the experimental periods. One pup (control) from each litter was euthanized with an overdose of pentobarbital sodium at the time the littermates were exposed to MCV. The ages of the pups at the time of ON exposure to virus ranged from 4 to 6 days. Blood samples were taken from each pup for HI antibody testing, then each pup was given 0.5 ml (~10 5.7 TCID 50 ) of MVC by the ON route. Approximately 0.1 ml of virus suspension was instilled in each nostril, and the remainder was given orally. Pups were returned to their dams and observed at least once daily for signs of illness. Blood samples (2 ml) were obtained at 1-2-day intervals for the detection of viremia, and rectal swab samples or manually extracted feces were taken for viral titration. Hematologic examinations (total leukocyte and differential counts) were done on pups from 2 litters (litter nos. 1 and 2). With the exception of 3 pups (litter nos. 3 and 4) that were allowed to survive, all pups were euthanized with an overdose of pentobarbital sodium at intervals from postinfection day (PID) 2 through PID 7. Tissues from 3 litters (nos. 1, 2, and 4) were cultured for bacteria on blood agar.
An additional litter (5 pups) was infected ON at 1 wk of age, and pups were allowed to survive to various ages up to PID 25. Blood samples were obtained at daily intervals, or weekly after PID 7, for determination of viremia and HI antibody responses. Daily rectal swab samples, or feces, were also obtained for viral isolation. Results (viremia, HI antibody responses) from the asymptomatic pups were combined with results obtained from the pups in the other litters.
Results

Clinical findings
Litter no. 1. None of the 3 pups exposed by the ON route at 4 days of age had prominent signs of illness, although mild respiratory distress (rapid, shallow breathing) and failure to nurse for 1 day (PID 5) was noted in 1 pup (no. l/4), which was euthanized on PID 6. No enteric signs were observed. Hematologic values were normal in all pups (data not shown).
Litter no. 2. All 5 pups infected at 5 days of age appeared normal through PID 4. On PID 5, 2 pups that appeared otherwise healthy had mild respiratory distress and both had ceased nursing. One pup (no. 2/4) died during the night of the PID 5 and had been dead several hours when tissue samples were taken. On PID 6, pup no. 2/5 had not suckled, was found comatose and dehydrated, and was euthanized. Unlike the other pups in this and the other litters studied, this pup had a loose, yellowish, and somewhat mucoid stool. Pup no. 2/6 appeared normal when it was euthanized on PID 7. Hematologic values were normal in all pups (data not shown).
Litter no. 3. None of the 6 pups exposed to MVC at 4 days of age had clinical signs through PID 25, other than mild respiratory distress noted in 2 pups (pups nos. 3/5, 3/6) on PID 5-6. Four pups that appeared normal were euthanized for tissue samples and 2 others were observed for 25 days and discharged as pets. Hematologic studies were not done on pups in this litter.
Litter no. 4. Only 1 (no. 4/5) of the 5 pups exposed to MVC by the ON route at 4 days of age became ill. That pup had mild respiratory distress on PID 7 and was euthanized. Hematologic studies were not performed.
Pathology
Only the prominent and most consistent pathologic changes are noted. Findings are combined because lesions were similar, differing only in severity, in all pups examined.
Gross findings. Macroscopic abnormalities were not observed in the control pups with the exception of small, linear areas of atelectasis on the lateral or ventral surfaces of the cardiac or apical lobes of the lungs of 2 pups (nos. 2/l, 4/l). Gross lesions in the infected pups were most prominent in the ventral and hilar areas of the apical and cardiac lobes. Changes on PID 2-3 were indistinct, except for locally extensive grayish pink areas. Lungs from pups euthanized later (PID 4-7) had similar but larger areas of red-gray consolidation, which was most prominent initially in the ventrolateral portion of the apical and cardiac lobes. By PID 6-7, all lobes contained scattered areas of consolidation ( Figs. 1-3) . The bronchial and mediastinal lymph nodes from some pups were moderately enlarged and soft. Gross abnormalities were not noted in other tissues.
Microscopic findings. There were no significant histopathologic changes in tissues from the control pups The most prominent lesions were found in the lungs of the experimentally infected pups. Lung sections from 1 pup (no. 2/l), which was euthanized on PID 2, had mild interstitial pneumonia. Small amounts of viral antigen were isolated from several tissues, including the lung ( Table 1) . Foci of viral antigen were first observed (PID 4) by IFA in the alveolar epithelium ( Fig.  4) ; however, IFA-positive cells were also noted at that time in the tonsils and in bronchial epithelial and alveolar cells. On subsequent days, more diffuse areas of IFA-positive cells (Fig. 5) were observed throughout the lesion areas. The earliest microscopic changes consisted of a mild increase in thickness of the alveolar walls due to cellular infiltration and focal necrosis of bronchial epithelial cells. Some bronchial epithelial cells contained intranuclear basophilic inclusion bodies, and there was mild interstitial infiltration by neutrophils ( Figs. 6, 7) .
Similar changes were observed in lung tissue from pups euthanized on PID 5-7, but the most extensive changes were in the pups who died or were ill (nos. 2/4 and 2/5) on PID 5 and 6, respectively. The fundamental microscopic changes in lung sections in pups euthanized on PID 6-7 consisted of congestion and thickened alveolar walls due to mild or marked infiltration by neutrophils and macrophages. There also were sloughed epithelial cells in the bronchial and bronchiolar lumina (Fig. 8) . Basophilic intranuclear inclusions also were present, but not abundant, in bronchiolar epithelial cells of pups euthanized on PID 5-7 (Fig. 9 ). The prominent pathologic features in the experimental pups may be characterized as mild to severe interstitial pneumonia with exudative bronchitis and bronchiolitis.
Neutrophilic infiltration of lymph nodes was common, but similar changes were observed in 2 of 4 control pups. Lymphocyte depletion of follicles and the peripheral sinuses were noted in some specimens, but this feature was neither consistent nor prominent. Changes in the thymus were minimal; however, some had small, multifocal areas of lymphocytic necrosis within the cortex. These minimal changes are reflected in the low viral titers in lymph nodes and the thymus (Table 1 ) and the paucity of IFA-positive cells in those tissues. Unlike the histologic findings reported in field neutrophilic infiltration. In some pups euthanized on cases, but similar to results in a previous study, 8 there PID 4-6, there also was generally mild infiltration of was little disruption of the normal architecture of the neutrophils into the lamina propria of the villi of the small intestine and microscopic changes were minimal. duodenum and jejunum. Those findings are compat-Findings common to most small intestinal sections ible with those of the IFA test, where only scattered included mild to moderate depletion of lymphocytes cells in the crypts and villi contained viral antigen of the Peyer's patches and various degrees of peripheral (Figs. 10, 11 ). * Postinfection day. † Virus was not isolated from the noninfected control pups (pup no. 1) from each litter or from brain (cerebrum, cerebellum), liver, or kidney tissues of the infected pups. Low titers of virus (log 10 TCID 50 1.0-1.5) were recovered from the adrenal gland (pup no. 4/3) and heart muscle (pup no. 2/6) MLN = mesenteric lymph node; RPLN = retropharyngeal lymph node.
Virologic findings and HI antibody responses
There was a low grade viremia (viral titers < 10 2 / 0.2 ml) between PID 2 and PID 4, and MVC was isolated from the feces (or rectal swabs) from PID 2 through PID 8, with highest titers (10 4.2 /0.2 ml) on PID 3-5 (Fig. 12) .
Viral titers were highest in lung tissue, but substantial amounts of virus were also found in the intestine of several pups (Table 1) . Titers were lower in lymphatic tissues, including the thymus and spleen. Virus was not isolated from brain, kidney, lung, liver, heart muscle, or bone marrow samples. Bacterial cultures were negative in all cases.
All pups were seronegative at the time of inoculation. HI antibody was first detected on PID 4 in some pups, and titers steadily rose to 1:80-1:640 by PID 14 (Fig.  13 ). Duration of antibody persistence was not deter- mined; however, titers in some inoculated pups that were allowed to survive persisted for at least 6 months (data not shown).
Seroprevelance estimate
Results of HI tests on 1,008 sera from adult dogs are given in Figure 14 . Tests of 88 control ("negative") sera from SPF Beagles from the Baker Institute's colony revealed that 88% had HI titers < 1:10; 10% had titers of 1:10, and 2% had titers of 1:20. Because the dogs had not been exposed to MVC, those titers were considered nonspecific. Only titers of ≥ 1:40 were regarded as seropositive. Using this conservative criterion, 47% of the field dogs had HI titers ≥ 1:40, signifying a high prevalence of MVC antibodies.
Discussion
The differences between the reported field cases 6 and experimental findings reported here are notable; clinical signs in experimentally infected pups consisted mostly of only mild to moderate respiratory distress. Only 2 of the experimentally infected pups died or appeared moribund. In the field cases, common clinical findings were vomiting, diarrhea, dyspnea, or sudden death. Virtually all of the reported field cases had pathologic changes in the small intestine, but those lesions differed from lesions described for CPV-2 infection. 2, 7, 11 In contrast to pups infected with CPV-2, pups infected with MVC had intranuclear inclusion bodies that were most prominent in epithelial cells of the villi, especially on the tips, rather than in the crypt areas. Also, the character and severity of intestinal lesions in the MVC cases was markedly less than in dogs with CPV-2 infections. Myocarditis similar to that described for CPV-2 infection was reported in some field cases of MVC infection. Similar lesions were also observed in canine fetuses that had been inoculated directly with MVC; 4 myocardial lesions were not seen in pups in the present study. Severe bronchopneumonia also was noted in some of the fatal field cases, 6 but pulmonary lesions were not emphasized despite the clinical signs of respiratory distress noted in most pups. In the reported field cases, lung lesions were not prominently featured, possibly because the primary focus was on the intestinal tract, where signs were most prominent and parvoviral particles had been observed by electron microscopy.
The failure to produce clinical signs and lesions characteristic of field cases in experimentally infected SPF pups is not unusual with parvoviruses. 9, 11 For example, reproduction of CPV-2 disease in the laboratory has been inconsistent, especially with isolates made prior to 1980. 2, 11 Nevertheless, accounts of a limited number of MVC field cases in young pups, augmented by the studies reported here, indicate that MVC is a pathogenic canine virus. The importance of MVC infection, however, has yet to be fully realized. A conservative estimate of the prevalence (~50%) of HI antibodies to MVC suggests a widely distributed and prevalent virus, observations also made in 1970. 1 It was established previously 4 that MVC may cause transplacental infections with embryo resorptions in dams infected prior to gestational day 30 and myocarditis in pups born of dams infected later in gestation. Field cases of presumed transplacental infections (early termination of pregnancy, anasarca) have been recognized recently, but firm data that establish MVC as an important cause of canine reproductive disease are lacking. MVC infections may be suspected in young pups with enteric and/or respiratory illness. Unfortunately, few pups are presented without some degree of autolysis. The lungs of pups that die during the first 3 weeks of life should be examined for evidence of pulmonary disease. Microscopic examination of the small intestine, especially the duodenum and jejunum, may reveal crypt epithelial hyperplasia, single cell necrosis of crypt cells 8 and amphophilic intranuclear inclusion bodies at the tips of villi. 6 Histopathologic examination of lung sections should include a search for inclusion bodies, especially in the bronchial epithelium. More extensive diagnostic work would include IFA tests for MVC viral antigen, especially in the small intestine and affected areas of the lung. Intestinal contents also should be examined by electron microscopy for the presence of parvovirus-like particles. MVC infection also may be suspected if characteristic ~20-nm particles are observed in the feces and fecal suspensions fail to cause hemagglutination of pig or rhesus erythrocytes 3, 7 or fluorescent antibody results with a CPV-2 conjugate are negative. In such cases, virus isolation attempts should be made from lung and intestinal content samples using 3873D cells.
